Background: Impairment of cognitive functioning has been reported in several studies in patients treated with chemotherapy. So far, no studies have been published on the effects of the vascular endothelial growth factor receptor (VEGFR) inhibitors on cognitive functioning. We investigated the objective and subjective cognitive function of patients during treatment with VEGFR tyrosine kinase inhibitors (VEGFR TKI).
Background
Cognitive complaints have been reported in cancer patients treated with chemotherapy, which has been confirmed by objective neuropsychological assessment [1] [2] [3] . Several candidate mechanisms have been suggested, such as direct neurotoxic effects of chemotherapy, oxidative damage, immune dysregulation, microemboli and genetic predisposition [4] . To date no studies have been published on the effects of targeted drugs, such as the vascular endothelial growth factor receptor tyrosine kinase inhibitors (VEGFR TKI) sunitinib and sorafenib on cognitive functioning. The vascular endothelial growth factor (VEGF) plays an important role in the biology of the central nervous system. Angiogenetic factors, especially VEGF, are involved in neurogenesis, neuroprotection and the pathogenesis of stroke, Alzheimer's disease and motor neuron disease [5] . In patients with Alzheimer's disease the mean serum VEGF concentration is significantly lower than in healthy controls and the lower the VEGF level the higher the risk for Alzheimer's disease [6] . Results of research with rodents indicate that VEGF expression in the hippocampus is a mediator of the effects of the environment on neurogenesis and cognition, learning and memory [7, 8] .
Besides VEGF, cytokines are also involved in the functioning of the central nervous system [4] . Several studies have reported a relationship between cognitive impairment and cytokine levels [4, [9] [10] [11] [12] . Higher interleukin-6 (IL-6) levels were associated with cognitive impairments on the domain Executive Functions, whereas higher IL-8 levels were associated with better Memory performance. IL-6, IL-1 receptor antagonist and tumour necrosis factor alpha (TNF-α) levels were related to ratings of fatigue [12] .
Only two case reports have been published on neurobehavioral dysfunction during treatment with sunitinib, but these did not include standardized neuropsychological assessment tools [13, 14] . The first paper describes three patients with preexisting cerebrovascular changes who developed severe cognitive and behavioral disorders during sunitinib treatment, which normalized within one week after discontinuation of sunitinib [13] . The second paper reports two patients who developed severe psychotic symptoms in the course of sunitinib treatment which also disappeared after cessation of the drug [14] . No studies have been performed however, examining milder forms of cognitive impairments using validated neuropsychological tests during VEGFR TKI treatment.
This prompted us to examine cognitive functioning and assess subjective cognitive complaints in patients using the VEGFR TKI sunitinib or sorafenib. Since objective cognitive dysfunction has also been reported in untreated cancer patients [12, [15] [16] [17] , patient controls were included. We conducted a cross sectional study with three study groups: patients with metastatic renal cell cancer (mRCC) or gastrointestinal stromal tumors (GIST) treated with the VEGFR TKI sunitinib or sorafenib, patients with mRCC without systemic treatment and healthy controls.
Methods

Participants and procedure
Thirty patients with mRCC or GIST treated with sunitinib or sorafenib for at least 8 weeks (VEGFR TKI patients), as well as 20 patients with mRCC, not receiving systemic treatment and previously not treated with a VEGFR TKI (patient controls), were selected to participate in this cross sectional study. Furthermore, 30 healthy controls were included as reference group from the same socioeconomic background in order to match patients and controls on four important characteristics (age, sex, estimated IQ and level of education), which in itself affect cognitive performance, and cannot be properly adjusted for statistically. Patients were recruited through their treating specialist; controls were recruited among the acquaintances of the patients and by advertisements in local papers. Eligibility criteria included: age ≥18 years, Karnofsky Performance Status (KPS) ≥70 and fluent in the Dutch language. Participants were excluded if they had been treated with systemic chemotherapy or interferon alpha (IFN-α) or IL-2 during the last 12 months, had general anesthetics in the last 3 months, were known with brain metastasis, brain injury, cognitive disorders, or psychiatric or anti-epileptic drug use. Age, sex, level of education using a 7 point scoring system (1: less than primary school, 7: university degree) [18] and estimated IQ were used for matching purposes. The study was approved by the Medical Review Ethics Committee Region Arnhem-Nijmegen and all participants gave written informed consent.
Neuropsychological tests and self-report questionnaires
An extensive neuropsychological assessment, duration approximately 90 minutes, was administered by a trained neuropsychologist. The assessment consisted of 12 sensitive Dutch versions of widely used and well-validated tests covering the major cognitive domains, that is, Learning & Memory, Attention & Concentration, and Executive Functions. Tests in each domain were selected on the basis of cognitive theory and clinical validation studies and covered all relevant subdomains [19] . First, within the domain Learning & Memory, Working Memory was assessed by the subtests Digit Span Backwards and Letter-Number Sequencing of the WAIS-III [19] ; Episodic Memory was measured using the Rey Auditory Verbal Learning Test (RAVLT) [19] and the subtest Story Recall of the Rivermead Behavioural Memory Test (RBMT) [19] and Semantic Memory was assessed by the Semantic Fluency Test (animal/profession naming) [19] . As part of the domain Attention & Concentration, Sustained Attention was assessed using the d2 Test [20] , Alertness (attention span) was measured by the WAIS-III Digit Span Forward [19] and the subtest Alertness from the computerized TAP 2.1 [21] . In the domain Executive Functions the Controlled Oral Word Association Test (COWAT) [19] was used to measure Response Generation. Response Inhibition was tapped by the Stroop Color-Word test (interference score) [19] , Mental Flexibility by the subtest Flexibility of the TAP 2.1 [20] and Problem Solving by the Brixton Spatial Anticipation Test [19] and Raven's Advanced Progressive Matrices (Set I) [19] . To estimate the level of premorbid intelligence the Dutch version of the National Adult Reading Test (NART) [19] was administered. Moreover, self-report questionnaires were administered to assess psychological well-being (Symptom Checklist-Revised; SCL-90-R) [22] , everyday cognitive failures (Cognitive Failures Questionnaire; CFQ) [23] , mood (Beck Depression Inventory-Second Edition; BDI-II) [24] and fatigue (Checklist Individual Strength; CIS20r) [25] .
Biomarkers
In the patient groups, blood samples were obtained on the day of the neuropsychological assessment. Blood samples were analyzed for a full blood count, liver and renal function, and levels of testosterone, sex hormone binding globuline (SHBG), estradiol, albumin, vitamin B12, thyroid function, glucose C-reactive protein (CRP), erythrocyte sedimentation rate (ESR) and lactate dehydrogenase (LDH). Free testosterone was calculated from the testosterone and SHBG values. [26] Plasma VEGF-and serum cytokine levels were measured. Levels of VEGF were measured by a specific ELISA as previous described [27, 28] . We used the Th1/Th2 11plex kit (eBioscience) according to the manufacturer's protocol to measure cytokines levels. The minimum detectable concentrations were estimated to be 4.2 pg/ml for IL-1β, 16.4 pg/ml for IL-2, 20.8 pg/ml IL-4, 1.6 pg/ml IL-5, 1.2 pg/ml IL-6, 0.5 pg/ml IL-8, 1.9 pg/ml IL-10, 1.5 pg/ ml IL-12 (p70), 3.2 pg/ml TNF-α, 2.4 pg/ml TNF-β and 1.6 pg/ml interferon gamma (IFN-γ). Results were expressed as percentage of detectable values and as median values in both patient groups.
Statistical analyses
All neuropsychological tests were scored according to their manuals. For data reduction purposes and to enhance the comparability of cognitive (sub)domains, standardized z-scores were computed using the raw test results. All analyses were performed on these (sub)domain scores. The performances on the individual (sub)tests are presented for descriptive purposes only. For the self-report questionnaires, total and subscale scores were calculated using their manuals. Overall between-group analyses were performed using multivariate analysis of variance (general linear model) with Fisher's post-hoc t-tests or nonparametric tests for nominal or ordinal variables (sex distribution and education level). The biomarkers were assessed for (log-) normality and t-tests were used to compare patient groups when applicable. Pearson's correlation coefficients (r) were computed to examine relationships between cognitive performance and self-report measures on one hand and the biomarkers on the other. Analyses were conducted using SPSS 18.0 for Windows (SPSS, Chicago, IL).
Results
Participants
Between August 2009 and May 2011 a total of 80 patients and controls were enrolled. Within the VEGFR TKI group, 26 patients had a diagnosis of mRCC and 4 of GIST. Three patients in the VEGFR TKI group and 4 in the patient controls had been treated in the past (> 1 year before) with a combination of IFN-α, IL-2 and 5FU. One patient in the VEGFR TKI group and 2 patients in the patient control group had previously been treated with IFN-α monotherapy. During the study 23 patients were treated with sunitinib and 7 with sorafenib. The median duration of treatment with VEGFR TKI at the time of the neuropsychological assessment was 20 months (range 2-55). Most patients on sunitinib were on a continuous schedule (n = 14), while the others were treated on a 4 weeks on and 2 weeks off schedule. The dose ranged from 25 mg continuously to 50 mg 4 weeks on and 2 weeks off. Sorafenib dosing was continuously with a total daily dose of 800 mg in most patients.
Neuropsychological tests
All participants were able to complete all neuropsychological tests and self-report questionnaires. Participants characteristics (age, sex distribution, estimated IQ and education level) were equally distributed among the 3 groups ( Table 1) , indicating that the groups were wellmatched. Significant differences between the groups were found on the domains Learning & Memory (F (2,77) = 8.2, P = .001) and Executive Functions (F(2,77) = 4.5, P = .014). No significant differences were demonstrated for the domain Attention & Concentration (F (2,77) = 1.7, P = .20). Post-hoc comparisons showed that, compared to the healthy controls, the VEGFR TKI patients performed worse on the domain Learning & Memory (P = .0001) and Executive Functions (P = .005) ( Table 2 ). The patient controls also performed worse than healthy controls on Learning & Memory (P = .019) and Executive Functions (P = .049). No significant differences were found between the VEGFR TKI and the patient controls on the domains Learning & Memory (P = .24) and Executive Functions (P = .55). Figure 1 shows that the magnitude of the effects were largest in the VEGFR TKI patients.
Subsequently, analyses were performed between the three groups, on the cognitive subdomains for the significant domains Learning & Memory and Executive Functions ( Table 2) . With respect to the domain Learning & Memory, between-group differences were observed on Episodic Memory (F(2,77) = 6.7, P = .002) and Semantic Memory (F(2,77) = 8.1, P = .001), no differences were found on Working Memory (F(2,77) = 2.1, P = .13). Posthoc comparisons showed that both the VEGFR TKI patients and the patient controls performed worse than healthy controls on Episodic Memory (P = .001 and P = .03) and Semantic Memory (P < .0001 and P = .004). Within the domain Executive Functions, between-group differences were found on Problem Solving (F(2,77) = 3.5, P = .037) and Response Generation (F(2,77) = 3.2, P = .047), no differences were found on Inhibition (F(2,77) = .04, P = .96 and Mental Flexibility (F(2,77) = 2.2, P = .12). Post-hoc comparisons showed that the VEGFR TKI patients performed worse than healthy controls on both Problem Solving (P = .02) and Response Generation (P = .02). The patient controls performed worse on Problem Solving (P = .04) compared to the healthy controls. In the VEGR TKI group, longer treatment on VEGFR TKI was associated with a worse score on Working Memory tasks (r = -.461 P = .012).
Self-report questionnaires
With respect to the self-report questionnaires, significant between-group differences were found on psychological well-being as measured with the SCL-90-R (Table 3 ) (F(2,77) = 7.5, P = .001), mood scores as assessed with the BDI-II (Table 3 ) (F(2,77) = 12.9, P = .000) and fatigue measured with the CIS20r (Table 3 ) (F(2,77) = 7.2, P = .001). No between-group differences were found on experienced cognitive failures in daily functioning assessed with the CFQ (Table 3 ) (F(2,77) = .7, P = .50). Post-hoc comparisons showed that on psychological wellbeing the VEGFR TKI patients reported more feelings of anxiety (P = .005), depressive symptoms (P < .0001), somatic symptoms (P < .0001) and subjective cognitive complaints (P = .002), as well as an overall heightened level of distress (P = .001) compared to the healthy controls. The patient controls reported more symptoms than healthy controls on the subscales anxiety Education levels as assessed using 7 categories in accordance with the Dutch educational system (1 = less than primary school; 7 = academic degree); e ANOVA; f Chi-square test; g Kruskal-Wallis Test.
(P = .034), depressive symptoms (P = .003), somatic symptoms (P = .029), subjective cognitive complaints (P = .005), and the total distress scale (P = .004).
Mood scores as assessed with the BDI-II (Table 3 ) were higher in the VEGFR TKI group (P < .0001) and the patient controls (P = .002) compared to healthy participants. Seven (23%) VEGFR TKI patients, 2 (10%) patient controls and none of the healthy volunteers had scores above the cut-off value of 16 indicative for a depressive disorder that has been validated on advanced cancer patients [29] . Moreover, the VEGFR TKI patients and the patient controls experienced more fatigue than healthy controls on the CIS20r (P = .000 and P = .025 respectively) ( Table 3) . No significant differences between the two patient groups were found on any of the self-report questionnaires or subscales (Table 3 ). In the VEGR TKI group, longer treatment on VEGFR TKI was associated with less complaints of fatigue (CIS20r total score r = -.404, P = .030).
Biomarkers
Between the two patients groups no significant differences were found in hemoglobin level, leucocytes and platelet counts, liver and renal function, electrolytes, Self-reported psychological well-being, subjective cognitive complaints, depressive symptoms and level of fatigue (mean + SD) for the patients using VEGFR TKI, the patient controls and the healthy controls. Post-hoc t-tests, patient groups compared to healthy controls: *P < 0.05, **P < 0.01, ***P < 0.001. this group were also negatively correlated with the domain score Learning & Memory. In the VEGFR TKI patients higher ESR, CRP and LDH levels were associated with higher scores on the BDI-II, indicating more depressive symptoms. No correlations were found between the free testosterone-or estradiol levels and the results on the neuropsychological tests or the self-report questionnaires (data not shown).
In both patient groups, the VEGF levels were not associated with the results on the cognitive domain scores or fatigue (CIS20r) ( Table 4 ). Only in the patient control group higher VEGF levels were associated with less complaints on mood (BDI-II), psychological well-being (SLC-90-R) and cognitive failure in daily functioning (CFQ) ( Table 4) .
We were able to analyze serum cytokine levels in 29 VEGFR TKI patients and 18 patient controls. In both groups no detectable levels of IL-5 and IL-6 were found in any of the patients, and IL-2 and TNF-α levels were only sporadically detected (data not shown). The IL-8 
CIS activation
Correlations between the biomarkers and the Neuropsychological Tests and Self-report Questionnaires in the VEGFR TKI patients and the patient controls. Only the significant correlations are listed in the table. r = Pearson correlation coefficient.
level was detectable in 80% (n = 23) of the VEGFR TKI group and in 67% (n = 12) of the patient controls and no difference was found in IL-8 levels between the patient groups. We found no correlations between the serum IL-8 level and the scores on the neuropsychological tests or the self-report questionnaires.
No correlations were found between the duration of treatment with VEGFR TKI and biomarker concentrations (data not shown) or the results of the neuropsychological tests and the self-report questionnaires, except for the results on the subdomain Working Memory and the CIS20r.
Discussion
This study is the first to examine cognitive functioning and subjective cognitive complaints in cancer patients during treatment with the VEGFR TKI sunitinib or sorafenib. We found that these patients performed worse on the cognitive domains Learning & Memory (Episodic-and Semantic Memory) and Executive Functions (Response Generation and Problem Solving) compared to healthy controls. Furthermore, a longer duration of VEGFR TKI treatment was associated with worse functioning on Working Memory tasks. Patient controls also showed impairments on the neuropsychological tests concerning Learning & Memory (Episodic-and Semantic Memory). However, in contrast with the VEGFR TKI patients, they showed impairment only on the subdomain Problem Solving but not on Response Generation. Our data suggest that effect sizes of cognitive dysfunction in patients using VEGFR TKI are larger on the domains Memory & Learning and Executive Functions, compared to patient controls. Although we found no significant differences in the results of the neuropsychological tests between the VEGFR TKI patients and the patient controls, possibly due to the smaller group size of the patient control group.
Since both patient groups performed on the domain Attention & Concentration the same as the healthy controls, the observed deficits in the other domains are not due to worse attention and concentration.
On self-reported psychological well-being, subjective cognitive complaints, depressive symptoms and fatigue, both patient groups reported significantly more complaints compared to the healthy controls. Although the VEGFR TKI patients showed more cognitive impairments on the domain Executive Functions, both patient groups reported equal levels of psychological and somatic complaints on the self-report questionnaires. Moreover, the non-significant, yet slightly higher scores on depressive symptoms and fatigue of the VEGFR TKI patients do not explain the lower scores on the memory and executive functioning tests. That is, no differences were found between the patient groups and the healthy control group on attention and concentration tasks, which are typically susceptible for mood disturbances and fatigue [19] .
We did not observe any consistent correlations between self-reported cognitive complaints and neuropsychological measures neither in patients, nor in healthy controls (data not shown), as is observed in patients treated with chemotherapy [9, 30, 31] .
We chose to perform a cross sectional study design, which is frequently used in neuropsychology, as this could give an indication if cognitive functioning was indeed decreased. Our study design included two relevant and well matched control groups and the results were not confounded by practice effects through repeated testing. Furthermore, the in vitro rodent data demonstrated that VEGF plays a role in cognitive functioning [7, 8] . The complaints of VEGF TKI treated patients about cognitive functioning and the result of this study support the necessity for a longitudinal study on cognitive functioning in these patients.
We included both patients on sunitinib and sorafenib. As both sunitinib and sorafenib inhibit the VEGFR2 [32, 33] , and we presumed that the cognitive functioning would be influenced by blocking this pathway, there was no reason to exclude one of both angiogenesis inhibitors. We did not perform a MRI of the brain before inclusion but Included patients did not have symptomatic brain metastases. Therefore, we may have missed asymptomatically brain metastases, although there is no reason to expect that this was different between the two patient groups.
In our study we explored factors possibly influencing cognitive functioning in cancer patients and specifically in patients during VEGFR TKI treatment. We demonstrated that male patients on treatment with sunitinib or sorafenib had lower free testosterone levels compared to patient controls, possibly due to the treatment. However we observed no relation between these sex hormones and cognitive functioning. Previous studies correlating cognitive functioning with testosterone levels in hypogonadal men and studies on androgen-ablation therapy have produced inconsistent results [34, 35] .
In contrast to others [12] , we found no correlation between serum IL-8 concentrations and objective or subjective cognitive functioning. In mRCC patients elevated levels of serum IL-6 and IL-8 [36] [37] [38] , neutrophil counts and LDH [39] have been identified as markers of a systemic inflammatory response and predictors of worse prognosis. In the VEGFR TKI patients we found that higher levels of ESR, CRP and neutrophils were associated with worse objective cognitive functioning, and higher levels of ESR, CRP en LDH with depressive symptoms. Especially the ESR level seems relevant as it showed correlations with all cognitive domains. Our data suggest that markers of systemic inflammatory response, probably as a symptom of tumor progression, are correlated with worse cognitive performance and more depressive feelings in patients treated with VEGFR TKI. This is consistent with the work of others who found that higher CRP levels were associated with depression and worse cognitive functioning [40, 41] .
Recently a review was published addressing the role of VEGF in the brain and the role of VEGF inhibitors on cognitive impairment. Ng et a. concluded that VEGF plays an important role in the Central Nervous System such as neurogenesis and neuroprotection, and that studies suggest that VEGF may affect cognitive functioning through its effects on neurogenesis, cerebral blood flow and modulation of long-term potentiation [42] . We demonstrated no differences in plasma VEGF concentration between the two patient groups, and no influence of VEGF levels on cognitive functioning was observed. However, in the VEGFR TKI group the intracellular effect of VEGF is prevented by receptor blockade, and therefore VEGF plasma concentrations are not reflecting the intracellular concentrations and effects of VEGF in this group. A possible explanation for the difference in cognitive functioning between the two patient groups is that, as a result of blocking the cerebral VEGF receptor through the VEGFR TKI, the capacity of neuronal repair and neurogenesis and learning is decreased. Furthermore, in the patient controls we found a strong negative correlation between subjective complaints and VEGF concentration, suggesting that VEGF indeed is important for psychological well-being.
Conclusions
In summary, our data suggest that treatment with VEGFR TKI has a negative impact on cognitive functioning, and that subjective complaints can be corroborated by objective neuropsychological testing. However this should be confirmed in a longitudinal study. Our results also warrant further studies on the underlying mechanism of the impairment of cognitive functioning during VEGF TKI therapy for example with functional imaging such as dynamic MRI imaging.
We propose that patients who are treated with VEGFR TKI are monitored and informed for possible signs or symptoms associated with cognitive impairment.
